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TECHNICAL  NOTE  2148 


LAMINAR— BOUNDARY— LAYER  HEAT— TRANSFER  CHARACTERISTICS  OF  A  BODY 
OF  REVOLUTION  WITH  A  PRESSURE  GRADIENT  AT  SUPERSONIC  SPEEDS 
By  William  R.  Wimbrov  and  Richard  Scherrer 


SUMMARY 


nrA«^Cal  ratee  °f  heat  transfer  have  been  measured  over  the  negative 

rSo^rff  r+S  °f  a  P°in£ed  body  of  elution  vith  a  fineness 
a  Veri°2  angle  °f  37  ’  and  a  ^ntour  generated' by  rotating 
lavaf^?  °f  a  ^^ola.  Data  have  been  obtained  vith  a  laminar  boundarj 
yer  at  three  Reynolds  numbers  at  a  Mach  number  of  1.49  and  two  Reynolds 

b*  ^-8r  °f  2*18'  The  reeult8  of  this  investigation”?^! 
°ab®  ab  bhe  4®at— transfer  characteristics  of  the  parabolic  body  can  be 

ber  and^flv^nl?51071^8  *5®  theoretical  relationship  between  Nusselt  num¬ 
ber  and  Reynolds  number  for  conical  bodies. 


INTRODUCTION 


,  ^  lit®rature  Pertaining  to  convective  heat  transfer  as  it  applies 

of  Wmre?Lweof ^ f  primarily  to  the  consideration 

o±  laminar  flow  over  flat  plates.  (See  reference  1.)  Along  a  flat  plat* 

n  supersonic  flow  the  pressure  is  constant*  consequently  the  static 

th:  °’,t9r  edee  °f  the  ^  Is  also  conSnJ?  i, 

“e  ?oruard  PortlOT  °f  a  typical  supersonic  alr- 

S  r?ie  f  nn  ShlTJf  *  r°le  °r  “  f“ra’’°1,,>  gives  rise  to  a 
pressure  field  in  which  the  pressure  decreases  with  length  alone  the  bodx 

differentia ^ ®m^®ra^ure  ia  subject  to  a  corresponding  Nation?®  The  ' 
differential  equation  defining  laminar  flow  over  such  a  surface  can  be 

SetsSerand  ^  °rdlnary  “®ans  to  the  variabl 

hea?  e  temperature  terms.  Approximate  methods  for  determining  the 

d?e^?an  chafaf  f  iatics  <*  *°<iies  of  revolution  with  pre^S^gm! 

dients  are  presented  in  references  2  and  3.  However,  the  results  obtains 

mr+>i<1?eStl0nable  dUS  t0  the  almplifyin8  assumptions  employed  and  both 

mCpSp rr to  app*  ttot  **  « 
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2 


MCA  TN  2148 


In  reference  Mangier  presents  relations  whereby  the  characterise 
tics  of  a  laminar  boundary  layer  for  an  axially  symmetric  body  of  given 
contour  and  pressure  distribution  can  be  evaluated  by  calculating  the 
characteristics  of  a  boundary  layer  on  a  two-dimensional  surface  with  an 
equivalent  pressure  distribution  and  then  correcting  for  the  effect  of 
the  varying  circumference  of  the  axially  symmetric  body.  Since  two- 
dimensional  solutions  are  restricted  by  mathematical  limitations  to  the 
constant  pressure  case,  the  resulting  solutions  for  axially  symmetric 
flow  are  also  limited  to  the  constant  pressure  case  and  hence  to  conical 
bodies.  From  Mangier fs  method,  however,  one  can  deduce  that  the  boundary 
layer,  and  hence  the  rate  of  heat  transfer,  for  a  body  of  revolution  with 
a  negative  pressure  gradient  is  affected  by  two  factors  not  affecting  the 
boundary  layer  on  a  flat  plate.  One  factor  is  the  variation  of  the  cir¬ 
cumference  of  the  body  of  revolution  with  length  and  the  other  is  the 
effect  of  the  pressure  gradient. 

The  boundary  layer  on  a  flat  plate  grows  only  in  thickness  with  dis¬ 
tance  along  the  surface,  while  the  boundary  layer  on  a  pointed  body  of 
revolution  must  spread  circumferentially  as  it  grows  in  thickness.  The 
effect  of  this  circumferential  spreading  on  the  boundary— layer  thickness, 
and  henoe  on  the  heat— transfer  characteristics,  varies  with  the  rate  of 
change  of  circumference  with  respect  to  length  and  can  be  evaluated  for 
any  fair  contour  by  relations  given  in  reference  4.  For  example,  it  can 
be  shown  that  on  a  cone,  for  which  the  pressure  and  the  rate  of  change  of 
circumference  are  constant  with  length,  the  boundary— layer  thickness  is 
less  by  the  factor  l/s/3  and  the  rate  of  heat  transfer  is  greater  by 
the  factor  than  on  a  flat  plate.  On  a  body  with  a  curved  contour 

for  which  the  pressure  and  the  rate  of  change  of  circumference  decrease 
with  length,  these  factors  defining  the  boundary— layer  thickness  and  rate 
of  heat  transfer  relative  to  a  two-dimensional  surface  with  an  equivalent 
pressure  distribution  vary  from  the  conical  values  (l/ and */3 ,  respec¬ 
tively)  at  the  vertex,  to  unity  at  the  point  where  the  rate  of  change  of 
circumference  becomes  zero.  Therefore,  the  rate  of  growth  of  the  boundary 
layer  and  the  rate  of  heat  transfer  on  such  a  body  are  the  same  as  on  a 
cone  at  the  apex,  but  the  decreasing  rate  of  change  of  circumference  along 
the  body  tends  to  increase  the  rate  of  growth  of  the  boundary  layer  and 
decrease  the  rate  of  heat  transfer  relative  to  that  for  a  conical  body. 

Although  the  effect  of  a  pressure  gradient  on  the  characteristics  of 
a  boundary  layer  cannot  be  predicted  exactly,  it  is  known  that  a  negative 
pressure  gradient  causes  the  boundary  layer  to  thicken  less  rapidly  with 
length  than  is  the  case  if  the  pressure  were  constant,  regardless  of  the 
body  shape.  Thus,  on  a  body  for  which  the  pressure  and  the  rate  of  change 
of  circumference  decrease  with  length,  the  effect  of  the  pressure  gradient 
tends  to  counteract  the  effect  of  the  variation  of  circumference  on  the 
boundary— layer  characteristics  when  comparing  boundary— layer  development 
with  that  of  a  cone.  If  these  two  effects  can  be  assumed  to  counteract 
each  other  exactly  over  that  portion  of  a  body  of  revolution  where  the 
pressure  gradient  is  negative,  the  heat— transfer  characteristics  can  be 
readily  calculated  by  employing  the  known  theoretical  relations  for 
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conical  todies.  The  method  would  he  valid  only  for  laminar  boundary 
layers  but,  since  negative  pressure  gradients  are  favorable  to  the  main¬ 
tenance  of  laminar  flow,  the  method  would  have  wide  application.  The  pre¬ 
sent  investigation  was  undertaken  to  gain  some  insight  of  the  degree  to 
which  these  two  effects  counteract  each  other  by  measuring  the  local  rates 
of  heat  transfer  on  a  typical  body  shape  and  comparing  the  results  with 
the  theoretical  heat— transfer  characteristics  of  cones. 


SYMBOLS 

cf  local  skin-friction  coefficient,  dimensionless 
Cp  specific  heat  at  constant  pressure,  Btu  per  pound,  °F 
g  gravitational  constant,  32.2  feet  per  second  squared 
H  total  pressure,  pounds  per  square  inch  absolute 

h  local  heat— transfer 
square  foot,  °F 

k  thermal  conductivity,  Btu  per  hour,  square  foot,  °F  per  foot 
l  length  of  test  body,  feet 

L  length  of  basic  body  (pointed  at  both  ends),  feet 

M  Lfe.ch  number,  dimensionless 
Nu  local  Wusselt  number  (hs/k),  dimensionless 

Pr  Prandtl  number  x  3600g 

q  local  rate  of  heat  transfer,  Btu  per  hour,  square  foot 
Be  Eeynolds  number  (pVs/|i),  dimensionless 
r  radius  of  the  body  at  any  longitudinal  station,  feet 
s  distance  from  the  vertex  along  the  surface  of  the  body,  feet 
T  temperature,  °F 

T-g  recovery  temperature  (temperature  attained  by  the  body  surface 
at  the  zero  heat— flow  condition),  °F 

V  fluid  velocity  just  outside  the  boundary  layer,  feet  per  second 


coeffic lent 


(vO  ’ 


Btu  per  hour. 
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x  axial  distance  from  the  vertex  of  the  body  to  any  longitudinal 
station,  feet 

pi  absolute  viscosity,  pound— second  per  square  foot 

p  air  density,  slugs  per  cubic  foot 

In  addition,  the  following  subscripts  have  been  used  in  combination 
with  the  foregoing  symbols: 

o  conditions  at  total  temperature  and  pressure  in  the  free  stream 
s  local  conditions  at  the  surface  of  the  body 
v  local  conditions  Just  outside  the  boundary  layer  on  the  body 

APPARATUS  AMD  PROCEDURE 


Wind  Tunnel 


The  tests  were  performed  in  the  Ames  1—  by  3— foot  supersonic  wind 
tunnel  Mo.  1.  This  closed-circuit,  continuous— operation  wind  tunnel  is 
equipped  with  a  flexible— plate  nozzle  that  can  be  adjusted  to  give  test- 
section  Mach  numbers  from  1.2  to  2.4.  Reynolds  number  variation  is  accom¬ 
plished  by  changing  the  absolute  pressure  in  the  tunnel  from  one— fifth  of 
an  atmosphere  to  approximately  three  atmospheres  depending  on  the  tfech 
number  and  ambient  temperature.  The  water  content  of  the  air  in  the  wind 
tunnel  is  maintained  at  less  than  0.0001  pound  of  water  per  pound  of  dry 
air  in  order  to  eliminate  humidity  effects  in  the  nozzle. 


Test  Body  and  Instrumentation 


The  body  employed  in  this  investigation  is  a  body  of  revolution 
generated  by  rotating  a  segment  of  a  parabola  in  such  a  manner  that  the 
radius  at  any  longitudinal  station  is  given  by  the  relation 

r  _  1 
L  "  3 

This  body  has  a  fineness  ratio  of  6:1  and  a  vertex  angle  of  37°  which  is 
more  blunt  than  is  generally  considered  desirable  for  supersonic  aircraft, 
and  hence  has  a  more  severe  pressure  gradient  than  would  normally  be  »■ 

encountered.  Equation  (l)  defines  a  body  which  is  pointed  at  each  end. 

Since  the  forward  portion  of  this  basic  body  was  adequate  for  the  purposes 
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°l  Jji1?  1?VeStie!tlon"  the  lenSth  L  in  equation  (l)  was  assigned  a  TOlue 
eLlnv  r  ?i  S  0nl^  the  fi*at  S-1/2  inches  of  the  total  sha^S  was 
mp  oyed.  (See  figs.  1  and  2.)  The  exterior  shell  of  the  body  was  machined 

rootL^«lnl9SS  Str1  tnd  WaS  pollalled  to  Provide  an  estimated  20-microinch 
root^nean-stuare  (rms}  surface.  All  other  parts  were  made  of  copper. 

e£Siir  pr0TlJe?  ^  Vising  a  high-^mperage,  low-voltage,  alternating 
electrical  current  longitudinally  through  the  body  shell.  The  shell  thifk 

X'ri*?1*?  t0  PrOVif  a  COn8tant  Surface  temperature  a t  a  free! 

MlCh  nUfb8r  0f  1*5'  Since  it  was  impossible  to  design  the  body 
hat  current  would  flow  through  the  extreme  forward  portion,  the  for¬ 
ward  16.5  percent  of  the  8-1/2  inch  body  was,  in  effect,  unheated. 

the  b!Sr+thrfT*0?Ple!vWere  installed  at  e<inal  length  increments  along 
U  t0  determine  the  surface-temperature  distribution.  The  thermL 
°  ?pl .  ® re  “fide  from  30-gage  iron-constantan  duplex  wire  and  were 
soldered  in  holes  drilled  through  the  shell.  Ten  leads  of  20-gage  copper 
wire  were  also  installed  in  the  shell  in  a  similar  manner  to  neasure 
*  J°ltaSe  drops  along  the  body.  The  locations  of  the  thermo- 

211  V°“ag8  leads  are  indicated  in  figure  2.  The  instrumenta¬ 
tion  and  wiring  of  the  experimental  installation  were  identical  with  that 

reference °5 ^  °f  “  electrlca1^  Seated  cone  described  L  detail  !n 

was  th!  hea^ed  tod^  mother  body  identical  in  contour 

was  employed  to  determine  the  pressure  distribution  and  conseauentlv  +tm 
^ch  number  distribution  Just  outside  the  boundary  Cr  aW Sf i Jody 
Pressure  orifices  were  spaced  uniformly  along  its  length  and^ere  connec¬ 
ted  to  manometer  tubes  containing  dibutyl  phthalate. 


Procedure 


Data  were  obtained  at  nominal  total  pressures  of  6,  12,  and  18  pounds 
per  square  inch  absolute  at  a  f:ree--stream  ft&ch  number  of  1#49  and  at 
nominal  total  pressures  of  8  and  15  psia  at  a  free-stream  Mach  number  of 
2.ia.  The  tunnel  was  first  brought  to  the  desired  pressure  and  allowed 

°  ^iUntlt^e4tUnnel  she11'  the  alr  stream,  and  the  test  body  attained 
thermal equilibrium.  When  this  condition  was  reached,  the  surface- 

temperature  distribution  was  measured.  The  temperatures  measured  under 
these  conditions  of  zero  heat  flow  are  called  the  recovery  temperatures 

hfatPfl  +o  refer?nC?  6*  1  The  heatlng  circuit  was  then  closed  and  the  body 
Tott  ?°Mna\8urfaae  temperature  as  insured  at  the  second  thermo! 
t°aP4i  f  f  th®  TOrt®Z-  Te®Peratures  of  120°,  160°,  and  200°  F  were  arbi- 
trarlly  chosen  as  values  at  which  to  obtain  data.  With  the  body  at  the 

^Ihe  calculations  to  determine  thickness  distribution  were  based  on  the 

2  “  ^Vh!  ^eat— transfer  theories  for  conical  bodies  coid  be 
applied  to  the  test  body. 


desired  temperature,  the  following  data  were  recorded:  the  total  pressure 
and  total  temperature  of  the  air  stream,  the  current  input  to  the  tody, 
the  incremental  voltage  drops,  and  the  local  surface  temperatures  of  the 
body. 


Measurements  were  also  made  with  the  pressure-distribution  body  at 
the  same  Mach  numbers  and  total  pressures  as  for  the  heat— transfer  measure¬ 
ments.  The  data  so  obtained  were  used  to  calculate  the  Mach  number  and 
static— temperature  distributions  Just  outside  the  boundary  layer  on  the 
body. 


Schlieren  observations,  liquid— film  tests,  and  the  absence  of  dis¬ 
continuities  in  the  temperature  distributions  that  would  denote  transi¬ 
tion  indicated  that  the  boundary  layer  remained  laminar  for  all  test  con¬ 
ditions. 


ACCURACY  OF  RESUITS 


Since  the  instrumentation  and  procedure  for  the  present  Investigation 
were  identical  with  those  for  previous  tests  of  a  heated  cone,  the  accuracy 
of  the  results  is  also  identical.  A  detailed  discussion  of  the  determina¬ 
tion  of  the  accuracy  is  given  in  reference  5.  The  over— all  accuracy  of 
the  final  parameters  Is  given  below: 

Surface  temperature  .  Ta  ±0.5°  F 

Nusselt  Number . Nu  ±4.4  to  +6.6  percent 

Reynolds  Number . Re.  +1.8  to  ±1.9  percent 

Heat— transfer  parameter  .  .  .  Nu/Re1'2  *4.5  to  ±6.7  percent 

As  discussed  in  reference  5,  the  effect  of  radiation  from  the  heated 
cone  to  the  tunnel  walls  was  evaluated  and  found  to  be  negligible.  Since 
the  same  conditions  existed,  the  effect  of  radiation  was  assumed  to  be 
negligible  in  the  present  investigation. 


RESULTS  AND  DISCUSSION 


The  pressure-distribution  measurements  indicated  that  the  pressure 
gradient  was  essentially  linear  over  the  entire  length  of  the  body.  These 
measurements  were  reduced  to  the  more  convenient  form  of  local  Mach  number 
distributions  (shown  in  fig.  3)  which  were  used  in  the  reduction  of  the 
heat— transfer  data  to  determine  the  local  temperature  at  the  outer  edge  of 
the  boundary  layer  and  the  local  Reynolds  number. 

The  heat— transfer  data  obtained  at  a  free— stream  Mach  number  of  1.49 
are  shown  in  figure  4  and  those  obtained  at  a  Mach  number  of  2.18  are 
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shown  in  figure  5«  The  measurements  of  local  power  input  were  converted 
to  local  rates  of  heat  transfer  q  by  converting  the  electrical  units  to 
heat  units  and  dividing  by  the  incremental  areas.  The  dimensionless  heat- 
transfer  parameter  Iiu/Re  V2  shown  in  figures  4  and  5  was  then  determined 
from  the  equation 


in  which  all  the  fluid  properties  were  evaluated  at  the  local  static  tem¬ 
perature  at  the  outer  edge  of  the  boundary  layer.  Usually,  whenever  there 
is  a  pressure  variation  along  a  body,  some  boundary— layer  dimension  such 
as  the  displacement  thickness  is  used  instead  of  the  length  of  travel 
along  the  surface  in  the  definition  of  Reynolds  number  and  Nusselt  number. 
Since  boundary— layer  measurements  were  not  required  for  any  other  purpose 
and  would  not  normally  be  available  to  the  design  engineer,  the  usual 
definitions  for  flat  plates  and  cones  were  employed  in  the  present  investi¬ 
gation. 

Inspection  of  the  surface— temperature  curves  in  figures  4  and  5 
reveals  that  the  temperature  at  the  first  measuring  station  was  consider¬ 
ably  higher  than  the  temperature  at  subsequent  stations.  After  the  tests 
were  completed  it  was  found  that  this  local  hot  region  was  partially 
caused  by  poor  electrical  contact  between  the  copper  sting  and  the 
stainless— steel  shell.  This  connection  was  improved  and  the  body  was  tes¬ 
ted  again  at  a  Mach  number  of  1*49  to  determine  the  effects  of  the  result¬ 
ing  change  in  temperature  distribution.  When  the  body  was  reinstalled  in 
the  wind  tunnel,  some  of  the  measuring  instruments  were  not  the  sane  as 
those  originally  employed,  although  they  were  of  the  same  type  and  preci¬ 
sion.  The  leads  to  the  thermocouples  nearest  the  base,  which  were  broken 
when  the  body  was  originally  installed,  were  also  repaired  at  this  time. 

The  results  of  the  measurements  made  with  these  changes  are  shown  in 
figure  6. 

The  size  of  the  symbols  on  the  heat-transfer-parameter  plots  of 
figures  4,  5,  and  6  is  approximately  equal  to  the  limits  of  the  experi¬ 
mental  accuracy.  It  should  be  lioted  that  the  variation  of  the  individual 
measurements  from  a  fair  curve  is  consistent  throughout  and  is  apparently 
caused  by  small  deviations  in  the  thickness  distribution  of  the  body  shell. 
A  comparison  of  figures  4  and  5  shows  that,  although  there  were  some  vari¬ 
ations  of  the  values  of  the  heat-transfer  parameter  with  total  pressure, 
temperature  level,  and  Mach  number,  the  variations  were  within  the  experi¬ 
mental  accuracy.  A  comparison  of  the  data  in  figures  4  and  5  with  the 
data  in  figure  6  reveals  that  improving  the  connection  between  the  shell 
and  the  sting  reduced  the  difference  between  the  temperatures  measured 
at  the  first  thermocouple  and  the  average  temperature  aft  of  this  point 
ty  approximately  60  percent.  The  resulting  reduction  of  the  negative 
temperature  gradient  at  the  beginning  of  the  heated  region  of  the  body 
was  accompanied  by  an  increase  in  the  rate  of  heat  transfer  in  this  region 
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as  would  be  expected,  and  the  value  of  the  heat— transfer  parameter  became 
essentially  constant  along  the  test  body. 

Since  the  rate  of  heat  transfer  is  affected  by  the  surface— temperature 
distribution,  it  would  be  logical  to  compare  the  experimental  results  for 
the  parabolic  body  with  the  theoretical  heat— transfer  characteristics  of 
a  conical  body  with  the  same  surface— temperature  distribution  as  that 
measured  on  the  parabolic  body.  An  attempt  was  made  to  carry  out  this 
comparison  utilizing  the  method  of  reference  7.  The  first  step  of  this 
method  is  to  apply  Mangler*s  transformation  (reference  4)  to  determine 
the  relation  between  the  dimensionless  length  along  the  axially  symmetric 
body  and  the  corresponding  length  along  a  two-dimensional  body  to  produce 
the  same  boundary— layer  flow  conditions.  The  method  then  requires  that 
the  temperature  distribution  be  expressed  by  a  power-series  polynomial  as 
a  function  of  the  equivalent  two-dimensional  length.  The  dimensionless 
length  s/z  to  the  beginning  of  the  heated  section  on  the  parabolic  body 
of  the  present  investigation  is  O.I658.  The  transformation  gives  0.0045 
for  the  equivalent  two-dimensional  length.  The  temperature  varies  from 
approximately  the  recovery  temperature  in  the  tip  region  to  the  selected 
surface  temperature  at  the  beginning  of  the  heated  section  and  is  essen¬ 
tially  constant  aft  of  this  point,  at  least  for  the  data  shown  in  figure  6. 
It  was  found  to  be  impractical  to  express  such  a  distribution  by  a  poly¬ 
nomial  because  of  the  excessive  number  of  terms  required.  However,  it  can 
be  shown  by  the  theory  that  the  local  rate  of  heat  transfer  along  a  sur¬ 
face  with  a  temperature  gradient  followed  by  a  constant— temperature  region 
differs  from  the  rate  of  heat  transfer  on  a  surface  with  a  constant  tem¬ 
perature  principally  in  the  region  of  the  gradient.  Aft  of  the  gradient 
the  rate  of  heat  transfer  approaches  asymptotically  the  value  it  would 
have  had  if  the  gradient  had  not  been  present.  This  effect  has  been 
observed  in  the  investigations  of  the  heat— transfer  characteristics  of 
conical  bodies  reported  in  references  5  and  8.  It  is  also  evident  in  the 
data  shown  in  figures  4  and  5,  but  not  in  the  data  obtained  with  the  modi¬ 
fied  temperature  distribution  shown  in  figure  6.  Therefore,  it  appears 
reasonable  to  assume  that  the  positive  temperature  gradient  at  the  vertex 
is  confined  to  such  a  small  region  of  the  equivalent  two-dimensional  length 
that  its  effect  is  negligible. 

Further  comparison  of  figures  4,  5,  and  6  reveals  that  there  was  an 
apparent  reduction  in  the  rate  of  heat  transfer  over  the  aft  portion  of 
the  body  when  the  negative  temperature  gradient  at  the  beginning  of  the 
heated  region  was  reduced.  Although  this  reduction  in  the  rate  of  heat 
transfer  appears  to  result  from  the  change  in  temperature  distribution, 
such  is  not  believed  to  be  the  case.  The  maximum  difference  in  the  average 
values  of  the  heat— transfer  parameter  measured  over  the  aft  portion  of 
the  body  is  approximately  13  percent  and  occurs  between  the  data  presented 
in  figures  5(a)  and  6(b).  These  two  sets  of  data  were  obtained  at  differ¬ 
ent  free— stream  Mach  numbers  and  total  pressures  and  with  different  instru¬ 
ments.  The  average  values  of  the  heat— transfer  parameter  over  the  aft 
portion  of  the  body  shown  in  figures  4(a)  and  6(a),  which  were  measured 
at  the  same  Mach  number  and  total  pressure,  differ  by  approximately  6.5 
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percent.  If  the  exact  value  of  the  heat— transfer  parameter  were  assumed 
to  lie  somewhere  between  the  two  sets  of  data,  the  measured  values  would 
he  well  within  the  limits  of  the  estimated  experimental  accuracy.  There¬ 
fore,,  it  is  believed  that  the  differences  in  the  measured  rate  of  heat 
transfer  over  the  aft  portion  of  the  test  body  were  due  principally  to  the 
summation  of  the  effects  of  the  differences  in  ftfe-ch  number ,  total  pressure, 
and  instrumentation.  A  comparison  of  the  experimental  data  measured  over 
this  region  of  the  test  body  with  the  theoretical  heat— transfer  character¬ 
istics  of  a  cone  with  a  constant  surface  temperature  is  also  believed  to 
be  justified. 

The  existing  analytical  studies  of  heat  transfer  for  laminar  flow 
over  flat  plates  are  reviewed  in  reference  1.  It  is  shown  that,  in  gen¬ 
eral,  the  results  can  be  expressed  by  the  equation 


in  which  all  the  fluid  properties  are  based  on  the  same  temperature.  The 
quantity  c ^  Be1/2  is  a  function  of  ^ch  number,  Prandtl  number,  and  the 
exponent  for  the  variation  of  thermal  conductivity  and  viscosity  with 
temperature.  However,  for  the  Lfe-ch  number  and  temperature  range  of  the 
present  investigation,  reference  1  shows  that  very  little  error  is  intro¬ 
duced  if  Re1/2  is  assumed  to  be  a  constant  and  equal  to  0,664  for 
flat  plates. 

Mangier  shows  in  reference  4  that  the  value  of  Be1/2  for  a  cone 

is  greater  than  that  for  a  flat  plate  by  a  factor  equal  to  The 

Prandtl  number  for  air  in  the  temperature  range  of  the  experiments  is 
approximately  O.7I5  and  hence  equation  (3)  for  a  conical  body  reduces  to 

Wu/Re1/2  =  0.514  (4) 

This  value  is  shown  as  a  dashed  line  on  each  of  the  heat— transfer— parameter 
plots  in  figures  4,  5,  and  6,  The  average  deviation  between  the  theoret¬ 
ical  value  for  cones  and  the  experimental  values  shown  in  figures  4  and  5 
is  approximately  13  percent.  The  data  presented  .in  figure  6  were  obtained 
with  a  surface— temperature  distribution  that  more  closely  approximates  a 
constant  temperature  condition,  and,  in  this  case,  the  theoretical  and 
experimental  values  differ  by  less  than  the  uncertainty  in  the  experimen¬ 
tal  measurements.  As  discussed  previously,  the  exact  value  probably  lies 
somewhere  between  the  limits  of  the  experimental  values. 

It  has  been  shown  that  the  theoretical  value  of  the  parameter 
Nu/Re1/2  is  0.514  for  conical  1)0(1163  and.  0.297  for  flat  plates  and  cylin¬ 
ders.  This  difference  is  due  solely  to  the  increase  of  the  circumference 
with  length  along  a  cone  since  a  corresponding  variation  of  geometry  does 
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not  occur  on  a  flat  plate  or  cylinder,  and  the  pressure  distribution  is  % 

constant  in  both  cases.  As  discussed  previously,  the  local  values  of 
Nu/Be1/2  along  the  test  body  would  be  expected  to  vary  from  0,514  at  the 
vertex  to  0.297  at  the  base  if  the  pressure  gradient  that  also  results 
from  the  body  contour  had  no  effect.  Since  the  experimental  values  of 
Nu/Be1 /2  remain  constant  at  approximately  0.514  along  the  test  body,  the 
effect  of  the  pressure  gradient  is  apparently  opposite  and  approximately 
equal  to  the  effect  of  the  decreasing  rate  of  change  of  the  circumference 
on  the  growth  of  the  boundary  layer.  However,  the  effect  of  the  pressure 
gradient  may  be  considered  to  be  partially  concealed  by  the  manner  in 
which  the  data  are  reduced.  The  pressure  gradient  is  accompanied  by 
corresponding  Mach  number  and  static  temperature  gradients  at  the  outer 
edge  of  the  boundary  layer  and  the  local  values  of  these  parameters  were 
utilized  to  reduce  the  measured  data  to  the  dimensionless  heat— transfer 
parameter  Nu/Be1 /2.  Thus  the  present  investigation  may  be  considered 
inconclusive  as  to  the  exact  effects  of  the  pressure  gradient.  However, 
it  has  been  shown  that  the  local  rate  of  heat  transfer  along  the  test  body 
can  be  calculated  within  13  percent  or  less  of  the  true  value  by  employing 
equation  (4)  and  assuming  that  the  theoretical  local  values  of  the  paramr- 
eter  Nu/Be 1//2  for  cones  also  hold  for  the  test  body.  It  appears  reason¬ 
able  to  assume  that  this  result; would  be  applicable  to  other  pointed  body 
shapes  that  give  rise  to  negative  pressure  gradients.  On  a  body  that  is 
more  slender  than  the  one  teste, d  the  effects  of  the  changing  circumference  , 

and  the  pressure  gradient  woulc^  be  less  and  would  still  tend  to  counteract 
each  other.  Conversely,  on  a  more  blunt  body  both  effects  would  be  larger. 
However,  additional  experiments  with  other  body  shapes  covering  a  wider  * 

range  of  Mach  numbers  are  necessary  before  the  results  of  the  present 
investigation  can  be  proven  to  be  applicable  to  all  fair  bodies  of  revolu¬ 
tion  with  negative  pressure  gradients. 


CONCLUDING  EEMAEKS 


The  investigation  indicates  that,  for  the  parabolic  body  shape  tested, 
the  effect  of  the  decreasing  rate  of  change  of  the  circumference  on  the 
growth  of  the  laminar  boundary  layer  as  compared  to  that  of  a  cone  is 
largely  compensated  by  the  difference  in  the  pressure  gradients.  The  net 
result  is  that  the  heat— transfer  characteristics  of  the  parabolic  test 
body  can  be  predicted  by  employing  the  theoretical  relationship  between 
Nusselt  number  and  Beynolds  number  for  conical  bodies. 
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Figure  2.  -  Details  of  the  test  body. 
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Figure  3.  -  Variation  of  local  Mach  number  with  length  as  determined 
by  pressure  measurements . 
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(a)  H0=5.9  psia. 

Figure  4.—  Heat -transfer  characteristics  of  the  parabolic  body 
at  M0=  1.49 . 
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Dimensionless  length ,  s/l 
(b)  H0=  !2.0  psia. 


Figure  4.-  Continued . 
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Dimensionless  length ,  s/l 
( c )  H0  -  !8.0  psia. 
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Figure  4 .  —  Concluded. 
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Dimensionless  length ,  s/l 
(a)  H0  -  7.9  psia. 


Figure  5.-  Heat  -transfer  characteristics  of  the  parabolic  body 
at  M0s 2. id. 
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(b)  H0  r  / 5.0  psia. 


Figure  5 .  -  Concluded . 
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(a)  H0  *  5.8  psia. 


Figure  6 .  -  Heat  -  transfer  characteristics  of  the  parabolic  body 
with  the  modified  temperature  distribution  at  M0  *  1.49. 
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( b )  Ha=  1 1.9  psia. 

Figure  6.  -  Concluded. 
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